Background/Objective: Carboxylic acids (CAs), especially butyric acid, have been suggested to counteract colonic diseases, such as ulcerative colitis and colon cancer. Colonic formation of CAs can be influenced by the diet, but the concentrations and pattern formed need to be evaluated for different food products in humans. To elucidate how the colonic concentration of CAs in healthy subjects is influenced by dietary supplementation with oat bran, and whether the concentration varies over time and during consecutive days. Subjects/Methods: Twenty-five healthy subjects (age 2471.3) were recruited to the study. The subjects were given 40 g b-glucan enriched oat bran per day, corresponding to 20 g dietary fibre, in 4 slices of bread. CAs were analysed in faeces during three consecutive days after 0, 4, 8 and 12 weeks on this diet. Results: The concentration of acetic, propionic, butyric, isobutyric and isovaleric acid was higher (Po0.05-0.001) after 8 weeks on the oat bran diet as compared with values at entry, whereas that of lactic acid was lower (Po0.05). After 12 weeks, the concentrations of acetic, propionic and isobutyric acid were still higher and that of lactic acid lower. The variation between individuals was considerable, whereas in the same individuals there was little variation. Conclusions: Oat bran increased the faecal concentration of CAs after 8 weeks, indicating an increased concentration also in the distal colon. The concentration of all main acids increased, except for lactic acid, which decreased. Oat bran may therefore have a preventive potential adjunct to colonic diseases.
Introduction
There is mounting evidence that carboxylic acids (CAs) formed by colonic fermentation of indigestible carbohydrates have positive health effects (Wong et al., 2006) . In this context, butyric acid and, to some extent, propionic acid have mainly been emphasized. These acids are important energy sources for the colonocytes and may thus improve the condition of the colonic mucosa and, in consequence, decrease the risk of mucosal lesions. Especially butyric acid has been suggested to play a role in the prevention and treatment of colonic diseases, such as ulcerative colitis (Cummings, 1997) and colon cancer (Scheppach et al., 1995) , and to some extent Crohn's disease (Di Sabatino et al., 2005) . Current knowledge is summarized in recent reviews (Galvez et al., 2005; Wong et al., 2006) . Different types of indigestible carbohydrates give rise to different amounts and patterns of CAs during colonic fermentation, and it may therefore be possible to regulate the CA formation by diet. The CAs formed may depend on for example the monomeric composition of the carbohydrates, the type of linkages between the carbohydrate monomers, their solubility and their molecular weight (Berggren et al., 1993; Casterline et al., 1997; Bird et al., 2000; Karppinen et al., 2000; Henningsson et al., 2002 Henningsson et al., , 2003 Nilsson and Nyman, 2005) . Studies examining CA formation have mainly been conducted in vitro by using human faecal inocula, or in vivo using animal models. The rat is the most common model when studying the CA formation in vivo, although there are also some studies available in pigs (Berggren et al., 1993; Roland et al., 1995; Brown et al., 1997; Djouzi and Andrieux, 1997; Bird et al., 2000; Henningsson et al., 2002 Henningsson et al., , 2003 Nilsson and Nyman, 2005) . Studies in man have mainly been performed by measurements of CAs in faeces and have been questioned on the premises that such measurements do not give information regarding the formation of CAs in proximal colon where most of the fermentation actually takes place. However, ulcerative colitis always affects the rectum with a variable extension in proximal direction, and colon cancer is most common in the distal colon. Faecal measurements of CAs can thus still be justified and can be expected to predict CA concentration at what appears to be a crucial colonic site. Interestingly, the concentrations of acetic, propionic and butyric acids in the distal part of colon of rats correlate with that in faeces, although the faecal concentrations were somewhat higher (Nilsson et al., 2006) . Lactic acid, on the other hand, did not follow such a correlation. The use of a rat model is well motivated for mechanistic work and testing different experimental parameters that may influence CA formation, such as effects of molecular weight and processing conditions of b-glucans. However, quantitative faecal data in humans are fundamental, to select relevant food products intended for use in therapeutic or prophylactic trials and interventions in target groups.
The genesis of ulcerative colitis is unknown. Current hypotheses emphasize a gene environmental interaction causing a defect regulation of the normal inflammatory response to the normal colonic bacterial flora (Hanauer, 2004) . Impaired oxidation of butyrate by the colonocytes has been suggested to be a contributing factor (Chapman et al., 1994) . Although a decreased butyrate oxidation was observed in active ulcerative colitis (Den Hond et al., 1998) , there was, however, no difference between controls and patients with quiescent colitis, speaking against a primary defect in colonic butyrate oxidation (Simpson et al., 2000) . Some studies demonstrate a therapeutic effect of rectal butyrate and mixed CAs in distal colitis (Scheppach et al., 1992; Vernia et al., 2003) . Although well-controlled clinical trials have not fully verified this finding (Scheppach, 1996; Steinhart et al., 1996) , they suggest that butyrate may be effective in a subset of patients. Possibly, provision of exogenous butyrate may overcome the partial failure of butyrate oxidation in the diseased mucosa by mass action (Soergel et al., 1989) . Furthermore, it has not been conclusively tested whether dietary changes that cause a defined increase in colonic CA formation decreases the risk of relapse in quiescent colitis.
Experimental studies in vivo, and in colonocytes, colon carcinoma cell lines and inflammatory cells indicate that butyrate may exert protective anti-inflammatory and anticarcinogenic effects by several mechanisms (Smith et al., 1998; Luhrs et al., 2002; Menzel et al., 2004) . Our own studies have shown that it was possible to increase the faecal butyrate level by giving patients with ulcerative colitis a diet supplemented with b-glucan enriched oat bran (Hallert et al., 2003) . Unlike controls, subjects with symptoms showed no increase in gastrointestinal complaints during the trial. Subjects with ulcerative colitis have also an increased risk to develop colon cancer. However, studies in rats have shown that oat bran was less protective than wheat bran in experimental colon cancer models (McIntyre et al., 1993; Zoran et al., 1997; Reddy et al., 2000) . An explanation to this could be that wheat bran is more slowly fermented than oat bran thus providing higher amounts of butyric acid in the distal colon. Another explanation could be that wheat bran is more resistant against fermentation, thus, binding the substance (dimethylhydrazine) that induces cancer (McIntyre et al., 1993) .
The aim of the present study was to elucidate how the faecal concentrations of CAs vary in healthy individuals following dietary supplementation with b-glucans, and whether the concentration differs over time and during consecutive days. For this purpose 25 healthy subjects were recruited to the study. The subjects were given 40 g b-glucanenriched oat bran as four slices of bread per day. CAs were analysed in faeces during 3 days at entry and after 4, 8 and 12 weeks on this diet.
Materials and methods

Experimental design
Twenty-five (10 men, 15 women) young healthy volunteers (aged 20-47 years, mean age 24.071.3 years) participated in the study. The subjects were recruited by announcing in a local paper. All subjects fulfilled the inclusion criteria, thus, they were over 20 years old, had no known gastrointestinal or metabolic diseases, had not used antibiotics for the last 6 months and did not have any episodes of severe diarrhoea less than 6 months before the study. During the trial 40 g of a b-glucan-enriched oat bran, corresponding to 20 g fibre (10 g b-glucans) was added to the daily diet in the form of bread (four slices) without changing the normal diet to any greater extent. The subjects had regular contact with a dietician and every forth week they came to the department to receive a new package of deep-frozen bread and for reporting compliance. All subjects carried out two dietary registrations during 4 days, one before the study and one after 8 weeks. The intake of nutrients and energy is shown in Table 1 . The dietary intake of most nutrients was similar at entry and after 8 weeks. As expected, the dietary fibre intake increased (from 23 to 39 g/day, Po0.001). Other differences include iron (14-18 mg/day) and retinol (0.9-1.2 mg).
Faecal samples (B2 Â 1 g) from 3 consecutive days were collected at entry (time point 0), and then after 4, 8 and 12 weeks during the intervention period with oat bran. The faecal samples were frozen immediately, delivered to the Laboratory of Bacteriology at Lund University Hospital and stored at À201C until analysed for the content of CAs.
Twenty subjects fulfilled the study. One subject dropped out because of gastrointestinal symptoms (diarrhoea), and three for personal reasons (lack of time). Owing to sampling error, the entry sample was lost from one subject. All subjects gave their informed consent and were aware that they could withdraw from the study at any time they desired. They were also informed that the high amount of dietary fibre could cause gastrointestinal problems, such as gases. The study was approved by the Ethics Committee for human studies at Lund University.
Oat bread
The oat bread was baked from 23.7 kg water, 10.8 kg oat bran (Swedish Oat Fiber, Väröbacka, Sweden), 5.6 kg white wheat flour (Nord Mills, Malmö, Sweden), 1.1 kg yeast, 1.8 kg gluten, 1.4 kg sugar, 0.3 kg E 472 and 0.3 kg salt. The dough was proofed in room temperature for 60 min and then divided into pieces and baked at 2401C for 40 min at a pilot bakery (Nordmills, Malmö, Sweden). After baking, the loaves were sliced (Skogaholm, Lund, Sweden), frozen and stored until use. Each slice of bread (B37 g bread) contained 5 g of oat fibre.
Analysis b-Glucans. The content of b-glucans was quantified using an enzyme kit (Megazyme International Co., Wicklow, Ireland), based on the procedure developed by McCleary and Codd (1991) for mixed-linkage b-glucans, which has been approved by the AACC (method 32-23) and the AOAC (method 995.16).
Carboxylic acids. A gas-liquid chromatographic method was used to analyse the amount of short-chain fatty acids (formic, acetic, propionic, isobutyric, butyric, isovaleric, valeric, caproic and heptanoic acid). Other CAs quantified with this method were lactic acid and succinic acid (Richardson et al., 1989) . The faecal samples collected were homogenized (using a Polytron, Kinematica, Switzerland) together with an internal standard (2-ethylbutyric acid, Sigma Chemical Company, St Louis, MO, USA). Hydrochloric acid was added to protonise the CAs, so that they could be extracted in diethylether. After being silylated with N-(tert-butyldimethylsilyl)-N-methyl trifluoroacetamide (MTBSTFA, Sigma Chemical Company), the samples were allowed to stand for 48 h to complete derivatization. Samples were then injected onto an HP-5 column (Hewlett Packard, GLC, HP 6890, Wilmington, DE, USA). Chem Station software (Hewlett Packard) was used for the analysis.
Statistical evaluation
Minitab statistical software (Release 13.32) was used for statistical evaluation of the results, and general linear model (analysis of variance (ANOVA)) followed by Dunnett's procedure, where the mean value of the 3 consecutive days from week 0 was compared with the corresponding values from the other weeks (Po0.05). All analyses were performed at least in duplicate and the maximum error of the analysis was o5%. The coefficient of variation, that is the standard deviation divided with the mean value (%), was used to give a measure of the variation in faecal concentrations during the 3 consecutive days. Significant differences between these values were evaluated, using one-way ANOVA followed by Tukey's procedure.
Results
The concentration of CAs in faecal samples from the 20 out of 25 healthy volunteers that completed the study is shown in Table 2 . No effects on CA concentration were seen after 4 weeks, except for a decreased formation of formic acid Oat bran increases faecal CAs U Nilsson et al (Table 2 ). However, after 8 weeks the mean concentration of acetic, propionic and butyric acid had increased (Po0.001). Thus, the mean concentration of acetic acid increased from 54.2 to 77.2 mmol/g, that of propionic acid from 11.6 to 15.0 mmol/g and that of butyric acid from 13.9 to 19.0 mmol/g, respectively. Further, in 19 of the 20 subjects that completed the study, the total faecal concentration of CAs was higher (n ¼ 17) or similar (n ¼ 2) compared with values at entry. Similar profiles were seen with acetic, propionic and butyric acid (Figure 1 ). The concentration of isobutyric (Po0.001) and isovaleric acid (Po0.05) was also higher after 8 weeks on the oat bran diet, whereas that of lactic acid was lower (Po0.05). After 12 weeks, the faecal concentrations were still higher and that of lactic acid lower, exceptions being butyric and isovaleric acid.
The interindividual range of faecal concentrations of CAs was considerable (Figure 1) . However, at entry data regarding the concentrations of acetic, propionic and butyric acid were similar and there were only a few deviating values (two to three out of 20 subjects), whereas the individual variation was higher with lactic acid. After 8 weeks on the oat branenriched diet, the interindividual variation was considerably higher, as judged from the higher s.e.m. values (Table 2) .
The faecal concentration of CAs was also determined during 3 consecutive days during the intervention. No significant differences in the concentration of CAs could be seen in any of the subjects during these days ( Table 2) .
The faecal proportion of acetic acid was higher after 8 and 12 weeks on the oat bran diet (Po0.001) compared with at entry of the study, whereas that of lactic acid was lower (Po0.001) ( Table 3) .
Discussion
The present study shows that it is possible to increase colonic CA formation in healthy subjects by adding b-glucans to the diet. Most of the CAs formed in the human colon are absorbed and it may be argued that faecal concentrations is a complex function of rate of formation, absorption and utilization. However, as most colonic diseases occur in the distal colon and faecal concentrations of CAs are likely to reflect the concentrations of CAs, to which this part of the colon is exposed, we consider faecal measurements relevant. Studies in rats have also shown that there is a good correlation between the distal and faecal concentrations of acetic, propionic and butyric acid. However, the faecal concentrations generally were somewhat higher than distal concentrations (Nilsson et al., 2006) . Thus, the absorption of water was relatively faster than that of CA in distal colon. 
Oat bran increases faecal CAs U Nilsson et al
Considering that addition of b-glucans to the diet tend to increase faecal weight, unchanged or moderately increased CA concentrations in faeces is likely to be associated with a larger increase in the mass of CAs that reaches the distal colon. If so, the faecal concentrations seen in our study may also reflect a considerable increase in CA utilization in distal colon, although this was not quantified in the present work. The total faecal concentrations of CAs at entry of the study were similar to that measured in previous studies on subjects with ulcerative colitis (Hallert et al., 2003) and irritable bowel syndrome (Molin G, Noeback S, Johansson M-J, Berggren A, Nyman M, Björck I and Jeppsson B, unpublished results). Interestingly, the concentration of butyric acid was higher in the healthy subjects in the present study than in patients with ulcerative colitis (13.9 versus 11.1 mmol/g), whereas the concentration of lactic acid was lower (5.4 versus 15.9 mmol/g) (Hallert et al., 2003) . Studies by others (Vernia et al., 1988) showed that faecal concentrations of butyric acid decreased, and concentrations of lactic acid increased with severity of ulcerative colitis, and that high colonic concentrations of lactic acid were associated with increased risk for diarrhoea and mucosal inflammation (Cummings, 1995) . In the present study, the concentrations of lactic acid decreased during the intervention period with oat bran, whereas in our previous study in patients with ulcerative colitis, the faecal level of lactic acid was similar at entry of the study and after 4, 8 and 12 weeks of dietary supplementation with b-glucan-enriched oat bran (Hallert et al., 2003) . However, in that study, there was a large variation between different subjects, and of the individual subjects 65-70% had lower lactic acid concentration during the intervention with oat bran than at entry (unpublished results).
Generally, the faecal butyric acid concentrations are in a range known to have a variety of biological effects in cell cultures and other experimental model systems. The importance of a lowered faecal concentration of lactic acid, Figure 1 Individual concentrations in faeces of (a) acetic acid, (b) propionic acid, (c) butyric acid, (d) lactic acid and (e) total concentrations of carboxylic acids (mmol/g) at weeks 0 and 8.
Oat bran increases faecal CAs U Nilsson et al as observed in the present work, is not known. Lactic acid can be further metabolized for example by propionibacteria to propionic acid and acetic acid (Macfarlane and Cummings, 1991) . Furthermore, butyric acid can be produced from lactic acid through the acetyl-CoA pathway (Bourriaud et al., 2005) . A decreased lactate level may thus reflect decreased formation as well as increased metabolism. Overall, it is thus not farfetched to postulate that the changed exposure of CAs observed in the present study may be biologically important in disease prevention. Another product believed to be formed in the initial fermentation by many micro-organisms in colon is formic acid (Pryde et al., 2002) . The concentration of CAs did not increase until after 8 weeks. The reason for this is not known, but may be due to a quite stable and balanced composition of the colonic microbiota in healthy subjects, thus, requiring a comparatively longer time to increase the number of bacteria that can ferment the increased amount of available substrate. This may also explain the smaller range in the concentration of the different CAs compared with a previous study in patients with ulcerative colitis consuming a similar type of oat bran (Hallert et al., 2003) . An increase in the faecal excretion of CAs has also been seen in other studies in humans, for example, when dietary fibre from fruits and vegetables were added to the diet during a period of 2 weeks (Jenkins et al., 2001) . In the present work with healthy subjects, there was a decrease in the concentration of total CAs after 12 weeks compared with 8 weeks (Po0.05). This was not observed in our previous intervention with oat bran in ulcerative colitis patients. Whether this reflects differences in metabolic adaptation of the colonic microbiota between the different target groups, or a higher compliance in the ulcerative colitis patients who may be more motivated, is not known.
The increase in the concentration of CAs seen after 8 weeks resulted from an increase of all the main acids that is acetic, propionic and butyric acids. Similar results, with an increase of acetic, propionic and butyric acid, have been obtained in rats with b-glucans from barley (Lambo-Fodje et al., 2006) . However, in the study in humans with ulcerative colitis in remission with the same type of b-glucan-enriched oat bran as in the present study, there was a specific increase of butyric acid already after 4 weeks (Hallert et al., 2003) . The differences could be due to patients with ulcerative colitis having diminished capacity to utilize butyric acid and therefore the excretion of this specific acid increases, or that the transit time in colon is faster in colitis patients. Another difference could be that patients with ulcerative colitis have another composition of the microbiota than healthy people, leading to the use of different metabolic pathways by the microbiota and different CAs. Thus, subjects with ulcerative colitis have been shown to have higher number of sulphatereducing bacteria (Cummings, 1995) and in another study, it was shown that in the active phase of the disease, the number of lactobacilli was significant lower than in remission (Bullock et al., 2004) . The differences may also be due to the oat bran as such, since the bread was much denser in the present study, indicating a different structure of the oat b-glucans and differences in baking properties, which might have affected the CA profile. In rats, fructo-oligosaccharides of different molecular weights were shown to give different short-chain fatty-acid patterns during fermentation (Nilsson and Nyman, 2005) . Thus, fructo-oligosaccharides with a low molecular weight gave high proportions of butyric acid and those with high molecular weight were especially prone to yield propionic acid. Further, Wood (2004) has found that b-glucans with different physico-chemical properties behave differently when frozen, which may be important to keep in mind when comparing these results with others, since the bread in this study was frozen.
The average faecal proportion of butyric acid at entry was high (14%) compared with levels in patients with ulcerative colitis (11%) given the same type of oat bran in a similar dose. By adding oat bran to the diet, it was possible to increase the concentration further from 13.9 to 19.0 mmol/g. This must be considered as advantageous as butyric acid has been suggested to prevent against colonic diseases. No significant differences in CA concentrations could be seen between consecutive days, justifying the validity of the faecal levels of CAs analysed. An experimental design, with 20 subjects and a dietary supplementation with the test food product for 8 weeks, thus appears suitable for screening of potential differences in faecal CA patterns achievable by dietary means with other fibre sources giving high amounts of butyric acid for example wheat bran and different types of resistant starches. Our main conclusion is that b-glucanenriched oat bran increases the long-term exposure of the distal colon to CAs. It thus supports other motifs to conduct a conclusive clinical trial regarding the effect of b-glucans as additional relapse preventive therapy in ulcerative colitis. One may speculate whether a combination with wheat bran will increase the distal and/or faecal concentrations of CAs. Studies in rats have shown that by combining a highly fermentable type of resistant starch with the more resistant wheat bran shifted the fermentation and release of CAs to the distal part of colon (Henningsson et al., 2002) .
